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Based on cyclic three-level systems of chiral molecules, we propose two methods to realize highly
efficient inner-state enantio-separations of a chiral mixture with the two enantiomers initially pre-
pared in their ground states. Our methods work in the region where the evolutions of the two
enantiomers can be described by their corresponding effective two-level models, simultaneously.
The approximately 100%-efficiency inner-state enantio-separations can be realized when the proba-
bility occupying the ground state of one enantiomer becomes 0 by experiencing half-integer periods
of its corresponding on-resonance Rabi oscillation and in the meanwhile the other one still stays ap-
proximately in the ground state, under the conditions that the two enantiomers are governed by the
effective on-resonance and large-detuning two-level models, respectively. Alternatively, the exactly
100%-efficiency inner-state enantio-separation can be obtained when the probabilities occupying the
ground states of the two enantiomers simultaneously experience half-integer and integer periods of
their corresponding on-resonance and detuned (instead of largely-detuned) Rabi oscillations with
final 0 and 1 probabilities occupying the ground state, respectively.
I. INTRODUCTION
Chirality is important in chemistry, biotechnologies,
and pharmaceutics due to the fact that the vast ma-
jority of chemical [1], biological [2–4], and pharmaceuti-
cal [5–8] processes are chirality-dependent. Yet, enantio-
discrimination [9] and enantio-separation [10–15] of a chi-
ral mixture are among the most important and difficult
tasks in chemistry. Some enantio-discrimination [16–18]
and enantio-separation methods [19, 20] had been pro-
posed based on the interferences between the electric- and
magnetic-dipole transition moments. Since the magnetic-
dipole transition moments are usually very weak, alter-
native methods for enantio-discrimination [21–30] and
enantio-separation [31–39] based on only electric-dipole
transition moments had been proposed with the frame-
work of cyclic three-level systems. Such cyclic three-level
systems can only exist in the chiral molecules and other
symmetry broken systems [40–42].
The cyclic three-level systems of chiral molecules are
special since the products of the corresponding three
Rabi frequencies can change sign with enantiomers [21–
39]. Accordingly, the two enantiomers will evolve dif-
ferently with the same initial states. The inner-state
enantio-separation of a chiral mixture is achieved if
molecules in one of the three inner states are enantio-pure
(i.e., with only one enantiomer occupying that state).
The probability of that state among the whole three
states for that enantiomer can be defined as the efficiency
of the inner-state enantio-separation. The enantio-pure
molecules in that state can be further spatially sepa-
rated from the initial chiral mixture by a variety of
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energy-dependent processes [31, 32]. In the original
methods [31, 32], the highly efficient inner-state enantio-
separation was realized by means of the concepts from the
adiabatic passage techniques [43], which make enantio-
separation process [31, 32] slow and complicated.
In order to overcome these defects in the adiabatic
methods [31, 32], a simple method has been introduced
to promote the enantio-separation speed [37] by using
shortcuts-to-adiabaticity techniques [44–46]. Comparing
with the original adiabtical methods [31, 32], the sim-
pler and faster highly efficient enantio-separations can
also be achieved by using only dynamic ultrashort-pulse
operations [34, 35]. Inspired by the recent breakthrough
experiments in enantio-discrimination [22–29] and sep-
aration [38, 39], some works refocus on the related is-
sues [47–53].
In this paper, we propose two dynamical methods
to achieve highly efficient inner-state enantio-separation
based on cyclic three-level systems. When the param-
eters are appropriately adjusted, the evolutions of the
two enantiomers initially prepared in their correspond-
ing ground states can be simultaneously described by
effective two-level models with the same effective Rabi
frequencies but different effective detunings. By fur-
ther modifying the parameters to ensure that the effec-
tive two-level models for the two enantiomers are, re-
spectively, on resonance and in the large-detuning limit,
one can achieve the approximately 100%-efficiency inner-
state enantio-separations when the probability occupy-
ing the ground state of the enantiomer governed by the
effective on-resonance two-level model experiences half-
integer periods of its Rabi oscillation. Alternatively,
when one of the two-level models for the two enantiomers
are on resonance and the other one is detuned (without
requiring large detuning), one can obtain exactly 100%-
efficiency enantio-separations by making the probabili-
2ties occupying the ground states of the two enantiomers
experience half-integer and integer periods of their corre-
sponding Rabi oscillations, simultaneously. After achiev-
ing the inner-state enantio-separations by means of the
above dynamical methods, the enantio-pure molecules in
the ground states can be further spatially separated by a
variety of energy-dependent processes [31, 32, 37].
Figure 1. Modeling the left- and right-handed enantiomers as
cyclic three-level systems where three electromagnetic fields
couple respectively to the three electric-dipole transitions.
For left-handed enantiomer, the three corresponding Rabi fre-
quencies are Ω12, Ω13, and Ω23e
iφ. For the right-handed enan-
tiomer, the three corresponding Rabi frequencies are Ω12, Ω13,
and Ω23e
i(φ+pi). The detunings for the three transitions are
∆12, ∆13, and ∆23.
II. CYCLIC THREE-LEVEL SYSTEMS
The two enantiomers can be modeled simultaneously
as cyclic three-level systems with choosing appropri-
ate three electromagnetic fields to couple respectively
with three electric-dipole transitions [31–34] as shown in
Fig. 1. Here, |j〉L and |j〉R (j = 1, 2, 3), which have the
same energies vj , are the inner states for the left- and
right-handed enantiomers, respectively. The scripts L
and R have been introduced to denote the left-handed
and right-handed enantiomers, respectively. The fre-
quencies of the three electromagnetic fields are ω12, ω13,
and ω23, respectively. The detunings of the three transi-
tions are defined as
∆ji ≡ vi − vj − ωji, (3 ≥ i > j ≥ 1). (1)
We are interesting in the cases under the three-photon
resonance with
∆12 +∆23 = ∆13, (2)
i.e., ω12+ω23 = ω13. In the rotating-wave approximation,
the cyclic three-level systems for the two enantiomers can
be described in the interaction picture as (~ = 1) [31, 32]
HˆQ =∆12|2〉QQ〈2|+∆13|3〉QQ〈3|+ (Ω12|1〉QQ〈2|
+Ω13|1〉QQ〈3|+Ω23eiφQ |2〉QQ〈3|+ h.c.), (3)
where Q = L,R indicate the chirality. Without loss of
generality, we assume Ω12, Ω13 and Ω23 are positive. Here
φQ are the overall phases of the three Rabi frequencies
for the two enantiomers. The chirality of the cyclic three-
level systems is specified by choosing the overall phases
of the left- and right-handed enantiomers as
φL = φ, φR = φ+ pi (4)
as shown in Fig. 1.
III. EFFECTIVE TWO-LEVEL MODELS
Initially, the two enantiomers are assumed to stay in
their ground states |1〉L,R [31–37]. In the following, we
will show that the evolution of the two enantiomers can
be simultaneously described by their corresponding effec-
tive two-level models under the conditions
∆12 = ∆13 ≡ ∆, Ω12 = Ω13 ≡ Ω, φ = 0. (5)
With the conditions (5), we can rewrite the Hamilto-
nian (3) for the two enantiomers as
HˆQ =(
√
2Ω|1〉QQ〈D+|+ h.c.) + ∆Q+|D+〉QQ〈D+|
+∆Q−|D−〉QQ〈D−| (6)
with
∆L± = ∆± Ω23,
∆R± = ∆∓ Ω23, (7)
in the dressed state basis {|1〉Q, |D+〉Q, |D−〉Q} (Q =
L,R) with
|D±〉Q = 1√
2
(|2〉Q ± |3〉Q). (8)
Since |D−〉Q decouples with the other states |1〉Q and
|D+〉Q, the two enantiomers, initially prepared in their
ground states |1〉Q, will not evolve to the dressed state
|D−〉Q, and can be described by the effective two-level
models with
HˆeffQ = (
√
2Ω|1〉QQ〈D+|+ h.c.) + ∆Q+|D+〉QQ〈D+|. (9)
For the two enantiomers, their corresponding effective
Rabi frequencies are
√
2Ω. The effective two-level models
are chirality-dependent since the effective detunings are
different ∆L+ 6= ∆R+. In Fig. 2, we show the cyclic three-
level models for the two enantiomers can reduce to the
effective two-level ones under the condition (5).
We would like to note that when φ = 0 changes to be
φ = pi in the condition (5), one will obtain the similar
results of effective two-level models except the forms of
the Hamiltonian for the two enantiomers exchanging with
each other. For convenience, we will focus on the cases
with φ = 0.
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Figure 2. Chirality-dependent effective two-level models for
the two enantiomers initial prepared in their ground states
under the condition (5): ∆12 = ∆13 ≡ ∆, Ω12 = Ω12 ≡ Ω,
φ = 0, and ∆23 = 0. The dressed states are |D+〉Q = (|2〉Q +
|3〉Q)/
√
2 and |D−〉Q = (|2〉Q − |3〉Q)/
√
2. The effective Rabi
frequency are
√
2Ω and the effective detunings are ∆L+ = ∆+
Ω23 and ∆
R
+ = ∆−Ω23.
IV. HIGHLY EFFICIENT INNER-STATE
ENANTIO-SEPARATIONS
So far we have shown that the cyclic three-level sys-
tems for the enantiomers can reduce to the chirality-
dependent effective two-level models. Further, we will
propose two methods to realize highly efficient inner-state
enantio-separation with the 0 and (approximate) 1 prob-
abilities of the ground state for the two enantiomers, re-
spectively. After that, the two enantiomers in different
energy states can be spatially separated by a variety of
energy-dependent processes [31, 32, 37].
For the two enantiomers of initial ground states, their
evolved states are governed by Eq. (9) with the corre-
sponding probabilities occupying the ground states
PQ1 (t) =
4Ω2
ω2Q
[cos(ωQt)− 1] + 1, (Q = L,R) (10)
where the Rabi oscillation frequencies of the probabilities
occupying the ground states are
ωL,R =
√
8Ω2 + (∆± Ω23)2. (11)
Here the index L on the left-hand side corresponds to the
positive sign on the right-hand side.
Accordingly, PR1 can be equal to 0 when the effective
two-level models for the right-handed enantiomer are on
resonance, i.e.,
∆R+ ≡ Ω23 −∆ = 0. (12)
Then, the Rabi oscillation frequencies of the probabili-
ties occupying the ground states are ωL = 2
√
2Ω2 +∆2
and ωR = 2
√
2Ω, and the corresponding Rabi oscillation
periods are
TL =
pi√
2Ω2 +∆2
, TR =
√
2pi
2Ω
(13)
In what follows, we will show two methods of inner-state
enantiomer-separation under the condition (12) as well as
the condition (5), by generating the different probabilities
occupying the ground states for the two enantionmers.
A. Approximately 100%-efficiency inner-state
enantio-separations
Here we propose the first method to realize the approx-
imately 100%-efficiency inner-state enantio-separations
with PR1 = 0 and P
L
1 ≃ 1 based on the conditions (5)
and (12) and the following one
∆≫ Ω. (14)
In this case, the effective two-level models of the two
enantiomers are, respectively, in the large-detuning limit
and on resonance
∆L+ = 2∆≫
√
2Ω, ∆R+ = 0. (15)
For the left-handed enantiomer, it will always stay ap-
proximately in the initial state |1〉L due to the large-
detuning coupling. On the contrary, the right-handed
enantiomer can be totally transferred to the state |D+〉R
at the time instant
t = (n+
1
2
)TR (16)
with the integer n ≥ 0, i.e., when the probability occupy-
ing the ground state of the right-handed enantiomer ex-
periences half-integer periods of its Rabi oscillation. The
corresponding probability occupying the ground state for
the left-handed enantiomer is PL1 (t) which satisfies 1 ≥
PL1 (t) ≥ (1 − 4Ω2/
√
2Ω2 +∆2) ≃ 1. Thus the approxi-
mately 100%-efficiency inner-state enantio-separations is
achieved.
In Fig. 3, we numerically demonstrate the approx-
imately 100%-efficiency inner-state enantio-separations
by referring to the typical experimental parameters [38,
39] as ∆12 = ∆13 ≡ ∆ = Ω23 = 20MHz, Ω12 = Ω13 =
Ω = 1MHz. We assume the two enantiomers are initially
prepared in their ground states [31–37]. As expected, the
left-handed enantiomer still stays approximately in the
ground state during the evolution. The probability oc-
cupying the ground state of the right-handed enantiomer
experiences a half period of its Rabi oscillation and then
becomes PR1 = 0. In the meanwhile, P
L
1 = 0.9998 ≃ 1
(see the dashed line in Fig. 3). This clearly indicates
a highly efficient inner-state enantio-separation with effi-
ciency of 99.98%. This efficiency can be further increased
by increasing ∆ and/or decreasing Ω. Similarly, we can
also realize the approximately 100%-efficiency inner-state
enantio-separations with PL1 = 0 and P
R
1 ≃ 1 since the
evolved probabilities of the two enantiomers occupying
the ground state exchange with each other by changing
∆ to its opposite value [seen from Eq. (10)] or replacing
φ = 0 in Eq. (5) by φ = pi.
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Figure 3. Approximately 100%-efficiency inner-state enantio-
separations. The probabilities occupying the ground states of
the left-handed enantiomer PL1 (t) (blue line) and the right-
handed enantiomer PR1 (t) (red line). The parameters are
φ = 0, ∆12 = ∆13 ≡ ∆ = 20MHz, Ω23 = 20MHz and
Ω12 = Ω13 ≡ Ω = 1MHz. According to the three-photon res-
onance condition, we have ∆23 = 0MHz. The approximately
100%-efficiency inner-state enantio-separation is achieved at
e.g. t =
√
2pi/4µs (black dashed line) with PL1 = 0.9998 ≃ 1
and PR1 = 0.
B. Exactly 100%-efficiency inner-state
enantio-separations
In our first method, the large detuning is needed and
the efficiency of inner-state enantiomer-separation is ap-
proximate 100%. Alternatively, we will propose a method
without the requirement of the large detuning to achieve
100%-efficiency enantiomer-separation. This would hap-
pen if
PL1 (t) = 1, P
R
1 (t) = 0. (17)
This will happen when the probabilities occupying the
ground states of the left- and right-handed enantiomers
experience integer and half-integer periods of their corre-
sponding Rabi oscillations, simultaneously. That means
it happens at the time instant satisfying
t = nLTL = (nR +
1
2
)TR, (nL > nR ≥ 0) (18)
which requires
∆ =
√
8n2L − 2(2nR + 1)2
2nR + 1
Ω, (nL > nR ≥ 0). (19)
In Fig. 4 (a), we numerically demonstrate the ex-
actly 100%-efficiency inner-state enantio-separations at
the typical experimental parameters [38, 39] with ∆12 =
∆13 ≡ ∆ =
√
6MHz, Ω23 =
√
6MHz, Ω12 = Ω13 ≡
Ω = 1MHz under the conditions (5), (12), and (19) with
nL = 1 and nR = 0. It clearly shows that the exactly-
100%-efficiency inner-state separation with PL1 = 1 and
PR1 = 0 simultaneously. Similarly, we can also realize the
exactly 100%-efficiency inner-state enantio-separations
with PL1 = 0 and P
R
1 = 1 since the evolutions of the
two enantiomers exchange with each other by changing
∆ to its opposite number or choosing φ = pi.
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Figure 4. Exactly 100%-efficiency inner-state enantio-
separations. The probabilities occupying the ground states
of the left-handed enantiomer PL1 (t) (blue line) and the right-
handed enantiomer PR1 (t) (red line). The parameters are
φ = 0, ∆12 = ∆13 ≡ ∆ =
√
6MHz, Ω23 =
√
6MHz
Ω12 = Ω13 ≡ Ω = 1MHz, and ∆23 = 0MHz. The exactly
100%-efficiency inner-state enantio-separations is achieved at
t =
√
2pi/4µs (black dashed line) with PL1 = 1 and P
R
1 = 0,
when the probabilities of the two enantiomers experiences in-
teger (1) and half-integer (1/2) periods of their corresponding
Rabi oscillations.
V. SUMMARY
We have proposed two methods to achieve highly
efficient inner-state enantio-separations based on the
cyclic-three level systems of chiral molecules. Then,
the enantio-pure molecules in the ground state can
be further spatially separated by the energy-dependent
processes [31, 32, 37]. By choosing the appropriate
parameters under the three-photon resonance condi-
tion, the two enantiomers initially prepared in their
corresponding ground states |1〉Q can be governed by
chirality-dependent effective two-level models in the ba-
sis {|1〉Q, |D+〉Q} with Q = L,R. Their corresponding
effective two-level models have the same effective Rabi
frequencies but different effective detunings. The ap-
proximately 100%-efficiency inner-state separations can
be realized when the effective two-level models for the two
enantiomers are on-resonance and in the large-detuning
limit, respectively. Specifically, the probability occupy-
ing the ground state of the enantiomer becomes 0 after
half-integer of its on-resonance Rabi oscillation and in
the meanwhile the other enantiomer stays approximately
in the ground state. Moreover, we have proposed the
second method to realize exactly 100%-efficiency inner-
5state enantio-separations, when the probabilities occupy-
ing the ground states of the two enantiomers experience
half-integer and integer periods of their corresponding
on-resonance and detuned Rabi oscillations, simultane-
ously.
Comparing with the original adiabatical enantio-
separation methods based on three-level systems of chi-
ral molecules [31, 32], our two methods are faster sim-
pler since they are based on the dynamical evolutions of
the two enantiomers governed by the simple chirality-
dependent effective two-level models. Acutally, our
methods are similar to the dynamical enantio-separation
methods based on three-level systems [34, 35] with reduc-
ing the three-level models of the two enantiomers to effec-
tive two-level ones. However, they require less steps than
the dynamic methods [34, 35] to realize the inner-state
enantio-separation. Comparing with the shortcuts-to-
adiabaticity method [37] where the parameters are time-
dependently controlled to fulfill the condition of short-
cuts to adiabaticity, our methods are simpler since the
parameters are time-independent in our proposals.
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